Blocking histone deacetylation with trichostatin A (TSA) or blocking cytosine methylation using 5-aza-2-deoxycytosine (aza-dC) can derepress silenced genes in multicellular eukaryotes, including animals and plants. We questioned whether DNA methylation and histone deacetylation overlap in the regulation of endogenous plant genes by monitoring changes in expression of ϳ7800 Arabidopsis thaliana genes following treatment with azadC, TSA, or both chemicals together. RNA levels for ϳ4% of the genes were reproducibly changed 3-fold or more by at least one treatment. Distinct subsets of genes are upregulated or down-regulated in response to aza-dC, TSA, or simultaneous treatment with both chemicals, with little overlap among subsets. Surprisingly, the microarray data indicate that TSA and aza-dC are often antagonistic rather than synergistic in their effects. Analysis of green fluorescent protein transgenic plants confirmed this finding, showing that TSA can block the up-regulation of silenced green fluorescent protein transgenes in response to aza-dC or a ddm1 (decrease in DNA methylation 1) mutation. Our results indicate that global inhibition of DNA methylation or histone deacetylation has complex, nonredundant effects for the majority of responsive genes and suggest that activation of some genes requires one or more TSA-sensitive deacetylation events in addition to cytosine demethylation.
Covalent modifications of DNA and histones play important roles in regulating gene expression in eukaryotes. Active genes tend to display relatively little cytosine methylation (hypomethylation) and are associated with hyperacetylated histones (1) (2) (3) (4) (5) . By contrast, DNA of silenced chromatin such as pericentromeric repeats, transposable elements, telomere-associated repeats, or inactive X chromosomes in somatic cells of female mammals typically displays cytosine hypermethylation and histone hypoacetylation (6 -10) . DNA methylation and histone deacetylation are thought to be important for the assembly of dense chromatin conformations (heterochromatin) that prevent activator proteins and general transcription factors from gaining access to enhancers and promoters (6, (11) (12) (13) (14) . However, heterochromatin formation is reversible, such that inhibitors of cytosine methylation or histone deacetylation can often derepress silenced genes (15) (16) (17) (18) (19) .
Several lines of evidence suggest that DNA methylation and histone deacetylation are mechanistically linked in gene silencing processes. For instance, silenced rRNA genes in both plants and animals can be derepressed by 5-aza-2Ј deoxycytosine (aza-dC) 1 or by trichostatin A (TSA) (20 -23) . Importantly, treatment with both chemicals together is no more effective at derepressing silenced rRNA genes than treatment with either chemical alone, suggesting that DNA methylation and histone deacetylation act in partnership in the same rRNA gene repression pathway (20) . Biochemical evidence has supported this interpretation by showing that methylcytosine binding domain proteins stably associated with histone deacetylases in multiprotein complexes that repress transcription from methylated templates (24 -28) . One early model for gene silencing consistent with these data suggested a linear repression pathway in which DNA methylation brings about histone deacetylation in order to cause gene silencing (24, 25) . According to this hypothesis, preventing DNA methylation with aza-dC would prevent recruitment of histone deacetylases and thereby prevent silencing. Alternatively, blocking histone deacetylation with TSA downstream of DNA methylation in the repression pathway would also prevent silencing, such that the effects of aza-dC and TSA would appear to be redundant. However, blocking histone deacetylation with TSA or by genetic knockdown of histone deacetylase activity has been shown to bring about the loss of cytosine methylation at some genes in plants and Neurospora (21, 29) . Furthermore, mutations that prevent histone H3 lysine 9 methylation (a modification dependent on prior lysine 9 deacetylation) also blocks all or some cytosine methylation in Neurospora and plants, respectively (30 -32). These latter indications of cross-talk between DNA and histone modifications suggest that the redundant effects of aza-dC and TSA might also be explained if DNA methylation were the key determinant of gene silencing rather than histone deacetylation.
Aza-dC and TSA have been shown to act synergistically in the derepression of tumor suppressor genes and other cancerrelated genes that display aberrant cytosine methylation (33) (34) (35) (36) (37) (38) , with aza-dC having the dominant effect (37) . Likewise, the silenced fragile X mental retardation 1 (FMR1) gene can be reactivated in human cell lines by aza-dC but is synergistically up-regulated by combining aza-dC with TSA (39) . TSA alone has little effect on FMR1 expression. These data are consistent with the idea that DNA methylation and histone deacetylation act in partnership, although not redundantly, such that inhibition of both processes is needed for full effect. However, other studies have identified genes that are up-regulated by inhibiting DNA methylation but not by inhibiting histone deacetylation. For instance, a microarray analysis of gene expression in human colorectal cancer cells showed that histone deacetylase inhibitors alone could derepress some genes, but not those silenced genes that possessed hypermethylated CpG islands; only aza-dC derepressed these latter genes (40) . Collectively, the available evidence implicates both histone deacetylation and DNA methylation in gene silencing but suggests that the two processes can sometimes be intimately linked and in other circumstances can display varying degrees of autonomy.
To evaluate the consequences of global inhibition of DNA methylation and/or histone deacetylation on the expression of endogenous genes in plants, we used DNA microarrays to perform transcript profiling in Arabidopsis thaliana. We show that distinct subsets of genes are activated by aza-dC, by TSA, or by both chemicals together. Likewise, distinct subsets of genes are repressed by these treatments. Interestingly, TSA represses more often than it activates and can block, rather than assist, the up-regulation of genes that respond to cytosine demethylation, a response not reported in prior studies in nonplant systems. Our results suggest that cytosine methylation and histone deacetylation are epigenetic modifications that interact in complex ways to help establish gene expression states in the plant genome.
EXPERIMENTAL PROCEDURES
Plant Growth and Chemical Treatments-Seeds were sterilized with 70% ethanol, 0.05% Triton X-100 for 10 min and then washed with 95% ethanol, 0.05% Triton X-100 for 10 min. A final wash with 95% ethanol was for 10 min. Sterilized seeds were air-dried and sown on deep Petri plates containing semisolid MS germination medium (41) that had been sterilized by autoclaving. aza-dC and/or TSA were added to the medium just before plates were poured. Both chemicals were purchased from Sigma. Aza-dC (in water) was added to a final concentration of 7 g/ml. TSA (in methanol) was added to a final concentration of 0.5 M. These same concentrations were used in plates containing both chemicals. These conditions are known to derepress silenced rRNA genes subjected to nucleolar dominance and to induce changes in rRNA gene DNA methylation, histone acetylation, and histone methylation (20, 21) . After sowing seeds, plates were incubated for 2 days at 4°C to help synchronize germination and then transferred to a growth chamber and grown using a 16-h light/8-h dark, 22°C growth regime.
Plants not used for microarray experiments were grown in a mixture of 60% Redi-Earth TM (Scotts), 40% vermiculite in environmental growth chambers (16-h day length at 70% relative humidity, 22°C) or in a greenhouse.
RNA Preparation-For microarray analyses, total RNA was isolated from 16-day-old plantlets grown on sterile medium at a density of ϳ100 seedlings/100-mm diameter plate. Seedlings from ϳ20 plates were harvested to obtain mock treatment (control) RNA needed for each microarray slide hybridization, whereas seedlings from six plates each were harvested for the aza-dC, TSA, and aza-dC ϩ TSA treatments. Total RNA was isolated using a modification of the procedure of Chomczynski and Sacchi (42) , according to the protocol of the Arabidopsis Functional Genomics Consortium (AFGC; available on the World Wide Web at www.arabidopsis.org/info/2010_projects/comp_proj/AFGC/RevisedAFGC/site2RnaL.htm#isolation). Briefly, 1 g of whole seedlings grown on sterile medium were harvested into liquid nitrogen and ground to a fine powder with a mortar and pestle. The powder was then transferred into a plastic screw cap centrifuge tube containing 15 ml of TRIzol reagent (Invitrogen). Samples were mixed thoroughly and incubated for 5 min at 60°C. Tissues were then subjected to two cycles of homogenization, 15 s each, using a Fisher Powergen homogenizer at high speed. Homogenates were then centrifuged at 12,000 ϫ g at 4°C for 10 min to remove insoluble debris. The supernatant was transferred into a fresh screw cap centrifuge tube, mixed with 3 ml of chloroform, and again subjected to centrifugation. The aqueous phase was then collected, and total RNA was precipitated by the addition of 0.5 volumes (v/v) of a 0.8 M sodium citrate, 1.2 M NaCl solution, and 0.5 volumes (v/v) of cold (Ϫ20°C) isopropyl alcohol. The RNA pellet was collected by centrifugation, washed with 20 ml of 75% ethanol, and air-dried. RNA was resuspended in 250 l of diethyl pyrocarbonate-treated water and 1 l of RNase inhibitor (Promega) was added. Poly(A) ϩ mRNA was isolated from 200 g of total RNA using an Oligotex mRNA Mini Prep Kit (Qiagen). Absorbance at 260 and 280 nm was determined for poly(A) ϩ fractions, yielding A 260 /A 280 ratios of 1.9 -2.0. RNA quality was assessed according to AFGC guidelines (available on the World Wide Web at www.arabidopsis.org/info/2010_projects/comp_proj/AFGC/RevisedAFGC/site2RnaL.htm#isolation). First, RNA blots were probed for EF1-␣ mRNA, revealing distinct bands of the expected size, ϳ1.5 kb, an indication that the RNA was not degraded. Poly(A) ϩ mRNA quality was further evaluated by determining the size range of first strand cDNA primed with oligo(dT) and synthesized in the presence of 10 Ci of ␣-labeled dCTP and exposed to x-ray film. The most intense labeling was in the 1-4-kb size range, as expected for high quality Arabidopsis mRNA. Control and treated seedlings were grown in two independent experiments, and total RNA and poly(A) ϩ RNA were isolated independently and quality-controlled each time. Poly(A) ϩ RNAs from seedlings grown twice independently were then pooled for microarray analysis.
Microarray Data Analysis-cDNA probes labeled with fluorescent Cy3 and Cy5-dUTP were synthesized and hybridized to A. thaliana cDNA microarrays at the AFGC microarray facility at Michigan State University as described (43) nlm.nih.gov/geo) under accession numbers GSE1612, GPL1381, GPL-1382, GSM27518, GSM27519, GSM27520, GSM27521, GSM27522, GS-M27523, GSM27524, GSM27525, GSM27526, GSM27527, GSM27528, GSM27529, and GSM27530. Each transcript profiling experiment was independently repeated four times, twice each with control and treatment probes labeled with Cy3 and Cy5, respectively, and twice with the dye colors reversed. Normalization of Cy3 and Cy5 channels was by the Z-score method as described (43) . Spots flagged with abnormal intensity, empty or misshapen spots, and duplicated control spots were all excluded from the working data set for each slide. For cluster analysis, data were further filtered using the following criteria: regression correlation Ͼ0.6, mean channel intensity values Ͼ2.5, the median background intensity in at least one of the two channels, and normalized mean channel intensity Ͼ350 in at least one of the two channels. Two microarray slides for the aza-dC ϩ TSA treatment failed to meet quality control standards for spot quality and signal/noise ratio following hybridization, and their data was excluded from the data set. As an additional data filtration step, we imposed a cut-off of log (base 2) absolute value Ͼ1.585 for treated versus control so as to select genes that were up-or down-regulated greater than 3-fold on each slide. For aza-dCtreated and TSA-treated groups, we next limited our cluster analysis to those genes showing a Ͼ3-fold change in at least three of the four slides.
For the aza-dC ϩ TSA treatment group, because of the availability of only two slides, only SUIDs with normalized intensity ratio Ͼ3-fold on both slides were included. Last, mean and S.D. values computed for chemical-treated and mock-treated controls were used to perform unpaired Student's t tests using log (base 10)-transformed normalized intensity ratios. Uncorrected p values Ͻ 0.05 (5.0E-02 in scientific notation) were considered statistically significant (95% confidence).
Only genes responding to chemical treatment by 3-fold or more and passing the filtration criteria and statistical tests described above are listed in Supplemental Table I . Due to the stringency of these criteria, many responsive genes that passed either the filtration steps or p value test, but not both, are not included in Supplemental 
.67E-03).
Real-time Quantitative RT-PCR-Aliquots of the same total RNA samples used for microarray experiments were subjected to quantitative RT-PCR validation, where applicable. For the analysis of RNA purified from genetic mutants, total RNA was isolated from leaves of 28-day-old plants using the RNeasy Mini Kit (Qiagen), followed by in-column digestion with DNase I according to the manufacturer's instructions. DNA-free RNA was converted to cDNA by reverse transcription (Applied Biosystems). Quantitative real time PCR was performed using an ABI 7700 Sequence Detection System (Applied Biosystems) to monitor SYBR green fluorescence. Two independently mixed PCRs for each of two independently purified RNA samples (four reactions in total) were amplified for each gene tested. Melting curves were performed for each reaction to verify that a single product had been amplified. The ubiquitin 10 gene (UBQ10) was amplified as a control because preliminary experiments had shown its expression to be unaffected by aza-dC or TSA. PCR conditions were 10 min at 95°C followed by 40 cycles of the following: 15 s at 95°C and 1 min at 60°C. The primer pairs used were UBQ10 (5Ј-gatctttgccggaaaacaattggaggatggt-3Ј, 5Ј-cgacttgtcattagaaagaaagagataacagg-3Ј), at1g05680 (5Ј-gggattgagtttgggagttcc-3Ј, 5Ј-cccttaccccaaccttccac-3Ј), at2g06050 (5Ј-ggcatgttggacgtgcttct-3Ј, 5Ј-caaaactcgccacctgttttc-3Ј), at2g14580 (5Ј-ctgcagactcgtacattcccgt-3Ј, 5Ј-tagtgaccgcaaactccgttg-3Ј), at2g14610 (5Ј-gttgcagcctatgctcggag-3Ј, 5Ј-ccgctaccccaggctaagtt-3Ј), at2g14620 (5Ј-tgggcagccttacattctcc-3Ј, 5Ј-tgtgaaagtccttggctggg-3Ј), at2g27690 (5Ј-cgtttgggtttgacccagatt-3Ј, 5Ј-taaagctcgtttcgccgataa-3Ј), at2g34910 (5Ј-cccatcgctgaacgaagaga-3Ј, 5Ј-tcatcggctcaggaagaacag-3Ј), at2g34930 (5Ј-ctcaccttcagagcagcactaact-3Ј, 5Ј-gtccgagcatcgcaaagaa-3Ј), at2g46400 (5Ј-acgacgaacttctctgtttcattg-3Ј, 5Ј-tcggacttggtcggtttcat-3Ј), at3g02850 (5Ј-tccgggataagatggctgat-3Ј, 5Ј-tttcgtactgcaaccgcaaa-3Ј), at3g03280 (5Ј-tcgacaccaagtcggtgaaa-3Ј, 5Ј-catcggaaatgcgacgtaca-3Ј), at3g19240 (5Ј-agacctcaatgagaatggcaaaa-3Ј, 5Ј-tgtggtgcccagtatccattt-3Ј), at3g26980 (5Ј-ccggttatatgacggttcagatg-3Ј, 5Ј-tgtctttaggccattcagagacaa-3Ј), at3g29650 (5Ј-aaaggaatgattcgcctggc-3Ј, 5Ј-tcaaactctggcttcacaggtc-3Ј), at4g01360 (5Ј-acgttgcttgtcgaagatggt-3Ј, 5Ј-ccatcgttggcaatgt-3Ј), at4g22470 (5Ј-gcaatcaagaatggcctcaac-3Ј, 5Ј-ggcagtaaacggaatggttatctg-3Ј), at4g22780 (5Ј-ggctaaggcatggacgcata-3Ј, 5Ј-gttggacacggtcggaatct-3Ј), at4g24380 (5Ј-ttggaaactctctccctccactt-3Ј, 5Ј-tgatggacaaccaccggatt-3Ј), at4g33920 (5Ј-tctggaagaagcggcaaaga-3Ј, 5Ј-caataacgcttatgtcgtcatgga-3Ј), at4g34410 (5Ј-gtgggccaagggctaaactc-3Ј, 5Ј-gcttgcacttgcctttgctc-3Ј), at5g47240 (5Ј-agatcaaagccgcaaagtgg-3Ј, 5Ј-cgcctcgcatatttcaatca-3Ј), at5g52020 (5Ј-tttaggagtctccacccggg-3Ј, 5Ј-ctagggcgatgctgagacca-3Ј), at5g66210 (5Ј-aagcgtaccgattttggctact-3Ј, 5Ј-tggatggcgacgtaggtgta-3Ј), and gfp primers (5Ј-caatgaagactaatctttttctc-3Ј, 5Ј-gctcttaaagctcatcatgtttg-3Ј).
RESULTS AND DISCUSSION

Microarray Detection of Genes Responsive to Aza-dC and
TSA-To isolate RNA for transcript profiling on DNA microarrays, we grew A. thaliana (ecotype Columbia) seedlings on four types of sterile growth medium: one containing no chromatinmodifying agents, one containing aza-dC, one containing TSA, and one containing both aza-dC and TSA. After 16 days of growth, plantlets were harvested, and poly(A) ϩ RNA was purified. Cy3-and Cy5-labeled probes were then generated for each RNA sample, and differentially labeled control and treatment (aza-dC, TSA, or both) probe pairs were hybridized to AFGC cDNA microarrays (45) . The microarrays contained 11,521 unique Arabidopsis expressed sequence tag elements (SUIDs), representing an estimated 7800 unique genes. Approximately 400 SUIDs, representing 364 genes, passed the stringent data filtration steps and were altered in their expression by at least 3-fold by aza-dC, TSA, or aza-dC ϩ TSA (Supplemental Table I ). Hierarchical cluster analysis of the expression data for these SUIDs across the various microarray experiments is displayed in Fig. 1 . The cytosine methylation inhibitor, aza-dC, altered the expression of 125 of these genes, with 73 being up-regulated (red horizontal lines) and 52 downregulated (green horizontal lines). Treatment with the histone deacetylase inhibitor TSA affected 37 genes by 3-fold or more. Interestingly, among the 37 genes affected by TSA, 34 were down-regulated, and only 3 were up-regulated (note that additional genes are up-regulated by TSA alone and appear red in Fig. 1 but are changed less than 3-fold) . The combination of aza-dC and TSA yielded the greatest changes in gene expression, with 232 genes displaying changes of Ͼ3-fold. Among these, 158 are down-regulated, and 74 are up-regulated. Interestingly, relatively few of the genes that respond to the combination of aza-dC and TSA respond in a similar way to either chemical alone. For instance, more than half of the aza-dC up-regulated genes (group in red at the bottom right of Fig. 1 ) are no longer up-regulated when treated with aza-dC and TSA in combination. Likewise, a group of genes down-regulated by aza-dC alone or by TSA alone (groups in green midway down the TSA and Aza columns in Fig. 1 ) are expressed at control levels following combined treatment with both aza-dC and TSA. These observations suggest that TSA and aza-dC can counteract one another's effects. However, this is not always the case, since some genes that are down-regulated or upregulated by aza-dC alone are not significantly affected by combined treatment with TSA (genes grouped in green at the very top and in red at the very bottom of Fig. 1, respectively) . Additional groups of genes show additive or synergistic up-or down-regulation in response to treatment with both aza-dC and TSA. Repeating the cluster analysis using a 2-fold, rather than 3-fold, response as a cut-off revealed the same categories of responses shown in Fig. 1 (data not shown) , indicating that the types of responses we observed are not unique to the most highly responsive genes. Collectively, the cluster analysis of Fig. 1 illustrates that there are multiple responses to aza-dC and TSA, alone and in combination, and reveals that these chromatin modification inhibitors do not yield redundant outcomes for the majority of responsive genes.
Using the Chromosome Map Tool of the Arabidopsis Information Resource (available on the World Wide Web at www.arabidopsis.org/jsp/ChromosomeMap/tool.jsp), we examined whether genes showing 3-fold or greater changes in expression in the microarray experiments might be nonrandomly distributed on the physical maps of the five A. thaliana chromosomes. Responsive genes were distributed broadly throughout the chromosome arms and were not clustered in any obvious way (data not shown). Likewise, an examination of the most highly responsive genes for which functions are known or can be inferred (listed in Table I 2 ) did not reveal any obvious functional similarities among genes responding to a given treatment, except that genes down-regulated by aza-dC included a substantial number of stress response genes. The functional significance of this observation is unclear, given that no connection between cytosine hypermethylation and stress responsiveness is currently known.
Verification of Microarray Results by Quantitative RT-PCR and by Genetic
Tests-As an initial test of the validity of the microarray results, we performed real time quantitative RT-PCR analysis of RNA levels for a randomly selected set of 19 genes that are unaffected or down-regulated by TSA, as determined by cluster analysis of data from seven different microarrays ( Fig. 2A) . Five of these genes are also included in Supplemental Table I , having passed the various data filtration and statistical tests needed to be included in the table. Using primer pairs specific for the 19 genes shown in Fig. 2A , RNA reverse transcribed into first strand cDNA was amplified and monitored by real time PCR to compare RNA levels in control and TSA-treated plants. Changes in expression level detected by microarray and RT-PCR analyses are compared in Fig. 2B . There is good agreement between the microarray and real time quantitative PCR results for 16 of the 19 genes, suggesting that the microarray results are generally trustworthy. However, RT-PCR failed to confirm significant TSA-induced changes in expression of 2g34910, 3g02850, or 2g06050.
We asked whether genes up-regulated by the cytosine methylation inhibitor aza-dC might also be up-regulated by mutations that decrease cytosine methylation or that are required for methylation-induced silencing (Fig. 3) . If so, this would be consistent with cytosine demethylation, rather than potential cytotoxic effects, being responsible for aza-dC-induced changes in gene expression. Mutants tested included a double mutant of the de novo DNA methyltransferases DRM1 and DRM2 (46) as well as mutant alleles of the CNG methyltransferase CMT3 (47, 48) , the CG methyltransferase MET1 (49), the SWI2/ SNF2-like chromatin remodeler DDM1 (decrease in DNA methylation 1) (50), and MOM1 (51), which is involved in the silencing of certain methylated genes without affecting methylation itself. We also tested a mutant of the histone H3 lysine 9 methyltransferase, KYP/SUVH4, which is implicated in specifying methylation of CNG sites by CMT3 (31, 32) . The genes whose expression changes were monitored by real time RT-PCR were a PR-1 (pathogenesis-related protein 1)-like gene (At2g14610) and a TNP1/EN/SPM transposon-related gene (At3g29650). Both of these genes are up-regulated by aza-dC but not by TSA. As a control, a Cupin domain-containing protein gene (At4g26700) that is up-regulated by TSA but not by aza-dC was also tested. As shown in Fig. 3 , both the PR-1-like and the TNP1/EN/SPM-like genes are up-regulated to varying degrees in ddm1, met1, and cmt3 mutants, although not in the drm1/drm2 double mutant. Similar responses in cmt3 and kyp mutants are consistent with previous studies revealing a functional connection between these two activities in gene silencing phenomena that involve CNG methylation (31, 32, 47, 48) . Interestingly, the PR-1-like gene is massively up-regulated by the mom1 mutation, whereas the TNP1/EN/SPM-like gene is not responsive to this mutation, consistent with published evidence that MOM1 acts on a limited set of genes by an unknown mechanism (52) (53) (54) . No significant changes in expression of the TSA up-regulated gene At4g26700 were observed in any of the mutants.
Aza-dC/TSA Antagonism-An unexpected class of genes identified in our microarray experiments was not affected by TSA alone but was up-regulated by aza-dC in a manner that could be counteracted by simultaneous treatment with TSA. A subset of six genes that displayed this pattern of expression were examined by real time RT-PCR, two of which were the PR-1-like (At2g14610) and TNP1/EN/SPM-like (At3g29650) genes that were tested in Fig. 3 . As shown in Fig. 4 , the microarray data for these six genes were supported by real time RT-PCR results, with the only discrepancy between the two methods being the degree to which At2g14620 and At1g05680 are induced by aza-dC.
A screen for transgenic A. thaliana lines carrying silenced GFP transgenes identified specific examples of genes whose up-regulation by aza-dC is inhibited by TSA (Fig. 5A) . GFP lines Q2481 and 9261 are enhancer-trap lines that display distinct patterns of GFP expression presumably dependent on the genomic sites into which the transgenes inserted. In both lines, no GFP expression is detected in seedlings unless the seeds are germinated on medium containing aza-dC. Nuclear run-on experiments show that the GFP transgene locus in line Q2481 is derepressed by aza-dC at the level of transcription (data not shown). TSA inhibits aza-dC-mediated up-regulation of GFP expression, as can be seen visually by analysis of GFP fluorescence in both Q2481 and 9261 seedlings and by quantitative RT-PCR analysis of GFP mRNA levels in Q2481 (Fig. 5A ). We identified a homozygous, ethyl methanesulfonate-induced mutation of the DDM1 gene in line 2481 (allele ddm1-9; GenBank TM accession number AY699011) that mimics aza-dC treatment and derepresses the silenced GFP transgene in roots (Fig. 5B) . The ddm1-9 mutation causes genomic demethylation similar to aza-dC, as indicated by the increased susceptibility of pericentromeric repeats to digestion with the methylationsensitive restriction endonuclease HpaII (Fig. 5C ). Interestingly, treatment of the Q2481 ddm1 mutant with TSA blocks the expression of the GFP transgene (Fig. 5B) , thus recapitulating the aza-dC/TSA antagonism (see Fig. 5A ). Importantly, centromere demethylation caused by the ddm1 mutation or by aza-dC is unaffected by TSA (Fig. 5C, lane 5 , and data not shown), showing that TSA does not interfere with cytosine demethylation. Collectively, these data suggest that loss of cytosine methylation may be necessary but is not sufficient to derepress the silenced GFP transgenes in lines Q2481 and 9261 or the genes detected by microarray analysis whose up-regulation by aza-dC was blocked by TSA. Instead, the data suggest that one or more TSA-sensitive events (or processes) are needed in addition to cytosine demethylation for these genes to be up-regulated.
Mechanistic Implications of Aza-dC and TSA-induced Effects-Aza-dC and TSA have been widely used in animal studies, in part due to the promise these chemicals have shown as therapeutic drugs to derepress tumor suppressor genes and other cancer-related genes silenced by aberrant cytosine methylation (33) . Previously reported gene response classes in animals include genes up-regulated by aza-dC alone, but not TSA; genes up-regulated by TSA but not aza-dC; genes synergistically up-regulated by the combination of TSA plus aza-dC; and genes down-regulated by TSA. All of these classes are also apparent in our microarray analyses using the plant A. thaliana. However, our finding of an antagonistic effect of TSA on Arabidopsis genes that respond to chemical or genetic cytosine demethylation appears to be unprecedented. Likewise, our finding that aza-dC and TSA induce a synergistic repression of a substantial class of genes that shows little response to either chemical alone is also surprising. The ability of TSA to block aza-dC-induced responses may indicate that one or more histone (or other protein) deacetylation steps are required for gene activation subsequent to, or independent of, cytosine demethylation. There is precedent for this idea. In animal cells, TSA has been shown to inhibit activation of the mouse mammary tumor virus promoter in response to glucocorticoid hormone induction (55) (56) (57) and to decrease c-Myc expression (58) . Likewise, decreased histone acetylation, rather than hyperacetylation, is sometimes correlated with gene activation in yeast (59) , and knocking out or mutating individual histone deacetylase genes can repress rather than activate genes in yeast (60 -62) and in FIG. 5 . TSA inhibition of GFP transgenes derepressed by aza-dC or a ddm1 mutation. A, examples of two GFP transgenic lines of A. thaliana ecotype C24 bearing silenced transgene loci that are derepressed by aza-dC but not by TSA. In the presence of both aza-dC and TSA, the up-regulation of GFP expression by aza-dC is severely inhibited. Quantitative RT-PCR results are shown below the photographs and indicate that the changes in GFP expression are due to changes in RNA levels. B, a homozygous, ethyl methanesulfonate-induced mutation in the DDM1 gene (allele ddm1-9) derepresses the silenced GFP transgene in line Q2481, but treatment with TSA inhibits GFP expression in the mutant. C, genomic methylation levels indicated by the sensitivity of 180-bp pericentromeric repeats to the methylation-sensitive restriction endonuclease, HpaII. Shown is a DNA (Southern) blot following electrophoresis of HpaII-digested genomic DNA and hybridization to a radioactively labeled centromere repeat probe. Lane 1, wild-type ecotype C24. Lane 2, silenced GFP transgenic line Q2481 (which is in the C24 genetic background). Lane 3, line Q2481 partially demethylated by growth on medium containing aza-dC. Lane 4, line Q2481 partially demethylated by the homozygous ddm1-9 mutant. Lane 5, line Q2481 ddm1-9 mutant grown on medium containing TSA.
Drosophila (63) . These data are consistent with histone deacetylation playing a role in gene activation, consistent with the ability of TSA to counteract gene activation in some cases. However, the effects of TSA could also be indirect (e.g. by activating genes encoding repressor proteins).
In general, our data are inconsistent with the idea that cytosine methylation and histone deacetylation are overlapping consequences of the same repression pathways. Instead, our results suggest complex positive and negative regulatory possibilities due to varying the cytosine methylation and/or histone acetylation status of genes subject to epigenetic control.
